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ABSTRACT
Context. Distance measurements of supernova remnants (SNRs) are essential and important. Accurate estimates of physical size, dust
masses, and some other properties of SNRs depend critically on accurate distance measurements. However, the determination of SNR
distances is still a tough task.
Aims. Red clump stars (RCs) have a long history been used as standard candles. In this work, we take RCs as tracers to determine the
distances to a large group of SNRs in the inner disk.
Methods. We first select RC stars based on the near-infrared (IR) color-magnitude diagram (CMD). Then, the distance to and extinc-
tion of RC stars are calculated. To extend the measurable range of distance, we combine near-IR photometric data from the 2MASS
survey with the deeper UKIDSS and VVV surveys. With the help of the Gaia parallaxes, we also remove contaminants including
dwarfs and giants. Because an SN explosion compresses the surrounding interstellar medium, the SNR region would become denser
and exhibit higher extinction than the surroundings. The distance of a SNR is then recognized by the position where the extinction
and its gradient is higher than that of the ambient medium.
Results. A total of 63 SNRs’ distances in the Galactic inner disk are determined and divided into three Levels A, B, and C with
decreasing reliability. The distances to 43 SNRs are well determined with reliability A or B. The diameters and dust masses of SNRs
are estimated with the obtained distance and extinction.
Key words. ISM: supernova remnants – Stars: distances – (ISM): dust, extinction
1. Introduction
Distance is the essential parameter to further study of super-
nova remnants (SNRs). The diameter, brightness, age, and all
the other properties of SNRs related depend sensitively on the
distance. However, the determination of the SNR distance turns
to be a tough task (Ranasinghe & Leahy 2018).
The most common method of obtaining distances of SNRs
is by analyzing the HI absorption spectra, which is based on
the Galactic kinematics. The rotation curve of the Galactic disk
relates distance to the rotational velocity that may be deter-
mined from the radial velocity if the rotation is purely circu-
lar. Ilovaisky & Lequeux (1972) first used this method to derive
the kinematic distance for 20 SNRs. The ambiguity of this kine-
matical distance, i.e., each radial velocity corresponds to two
distances equally spaced on either side of the tangent point,
leads to large uncertainty. This method is improved in com-
bination with the CO lines and applied to about 10 SNRs by
Leahy & Tian (2008a,b, 2010); Tian & Leahy (2013). Due to ob-
servational constraints, constructing reliable HI absorption spec-
tra is still difficult.
The empirical power-law relation between the radio bright-
ness and the linear diameter is also used to determine the dis-
tance of SNRs once the radio brightness is measured. This
⋆ This paper is dedicated to the 60th anniversary of the Department
of Astronomy, Beijing Normal University.
method suffers the errors from the dispersion of the em-
pirical relation that the power-law index varies from about
2 to 6 (Case & Bhattacharya 1998; Guseinov et al. 2003;
Pavlovic´ et al. 2013), and the index error can be as large as 40%
(Zhu & Tian 2014).
There are some other methods to determine the distances of
SNRs. The distance of the associated source in the SNR can be
taken as the distance of the SNR (Green 1984). Proper motion, in
combination with expansion velocity, can derive the distance in
case the SNR is close enough (Green 1984). The X-ray flux can
be used as a distance tracer as well (Kassim et al. 1994). These
methods are usually dedicated to some specific cases.
The extinction toward an SNR nebula has already been used
to measure the distance of SNRs. A SNR is usually a dense cloud
with high dust density due to three sources: (1) the circumstellar
dust from the SN progenitor, (2) the interstellar dust swept and
compressed by the SN explosion which is the major source for
the SNRs in the Sedov-Taylor phase, and (3) the ejecta of the
SN explosion. Hence, the extinction of a SNR would increase
sharply when the light from background stars passes through it.
Recently, Zhao et al. (2018) measured the distance to the Mono-
ceros SNR by identifying the position of the extinction jump of
stars along the sightline. This accuracy depends on that of stel-
lar distance and maybe about 10%. This method requires precise
measurement of stellar parameters of a large number of stars,
usually from spectroscopic observation.
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Another way to identify the distance of SNRs is based on
the distance indicators – red clump stars (RCs). RCs were pro-
posed as a standard candle early in 1998 (Paczyn´ski & Stanek
1998). RCs are giants burning core helium with a stable struc-
ture which leads to almost constant luminosity and color. The
dispersion of the absolute magnitude in the KS band is about
0.03mag, and the dispersion of the near-infrared (IR) color index
J − KS is about 0.02 mag (López-Corredoira et al. 2002). RCs
are widely adopted to trace interstellar extinction as they can
be easily distinguished in the color-magnitude diagram (CMD)
(Indebetouw et al. 2005; Nishiyama et al. 2006; Gao et al. 2009;
Wang et al. 2017; Wang & Chen 2019). With the known extinc-
tion of a target, its distance can be derived by measuring the
distribution of extinction along the distance towards the sight-
line. This idea was adopted to determine the distance to the neu-
tron star in 4U 1608-52 by Güver et al. (2010). Later, Shan et al.
(2018, 2019) used this method to estimate distances of SNRs
with known extinction in the first and fourth quadrants of the
Galaxy.
In this work, we try to use RCs to determine the distance to
a large sample of SNRs in the inner disk. Basically, a supernova
explosion compresses the surrounding material, which produces
an SNR denser than the ambient medium. Consequently, the ex-
tinction around the SNR would increase more sharply than that
of the ambient medium. Thus, we can compare the change of
interstellar extinction toward the sightline of the SNR and the
surrounding area to recognize the distance with a more sharp in-
crease as that of the SNR. Briefly, we select the RCs from the
near-IR CMD for both the SNR region and the surrounding area.
Then, we calculate the corresponding extinctions and distances
of the RCs. Finally, we identify the distance of the SNR based
on the apparent extinction jump of the RCs along the SNR sight-
line and the comparison with the ambient area. Considering the
complex environment in the inner disk, molecular clouds may
lead to an increase of extinction as well. Besides, it is plausible
that SNRs are located in molecular clouds with physical interac-
tions. Hence, we scrutinize the distance to each SNR and evalu-
ate the reliability of distance. To extend the measurable range of
distance, we collect data not only from 2MASS, but also from
UKIDSS, and VVV surveys. Combined with the Gaia paral-
laxes, we remove dwarf stars and red giants to compose the purer
RCs samples. As a whole, we measured the distances to a group
of 63 SNRs in the inner disk. The specific skeleton is as follows.
The near-IR photometric data and SNRs data are described in
Section 2. In Section 3, we describe our method in detail. The
derived extinction of and distance to SNRs are presented in Sec-
tion 4, together with the distances’ classification based on the
reliability. Then, we compare our derived distance with previous
works in Section 4. We analyze the extinction–diameter relation
and estimate the dust mass of SNRs in Section 5. The feasibil-
ity and applicability of our method are discussed in Section 5 as
well. We summarize our principal results in Section 6.
2. Data and Sample
We collect the near-IR photometric data from the 2MASS,
UKIDSS and VVV surveys, with the photometric quality bet-
ter than 0.05 mag in all bands and all catalogs. The UKIDSS and
VVV surveys are brand new and deeper near-IR surveys relative
to 2MASS.
2.1. Near-IR Photometric Data
2.1.1. Fundamental Data: 2MASS
Two Micron All Sky Survey (2MASS) is a whole-sky survey in
the near-IR JHKs bands (Cohen et al. 2003) by using two 1.3 m
telescopes. The 2MASS PSC catalog contains over 470 million
stars with 10 σ limiting magnitudes of 15.8, 15.1, and 14.3 mag
in the J, H, and KS bands, respectively (Skrutskie et al. 2006).
Since SNRs are generally located in the Galactic plane suffering
a relatively large extinction, such limiting magnitudes block the
observation of distant SNRs. A deeper near-IR photometric sur-
vey would help. In this work, we use the data from the UKIDSS
or VVV surveys as supplements.
2.1.2. Supplemental Data: UKIDSS and VVV
The Infrared Deep Sky Survey (UKIDSS) is a near-IR survey
in the J, H, K bands by using the 3.8 m United Kingdom
Infra-Red Telescope (UKIRT) in Mauna Kea, which began in
2005 and observed 7500 deg2 in the northern sky. It includes
five separate projects, and the data we use is from the Galac-
tic Plane Survey (GPS), which covers approximately 1868 deg2
(Lawrence et al. 2007; Lucas et al. 2008). The median 5 σ point
source depth in the K band is 18.07 mag in the DR1 database
of the GPS (Warren et al. 2007). This is about 4 magnitudes
deeper than 2MASS and means a great extension to the distance
range of SNRs traceable, while the order of extension depends
on the specific interstellar extinction. On the other hand, this
deep survey has a problem of saturation for the relatively bright
sources. Lucas et al. (2008) quoted that conservatively the satu-
ration limit is best to assume to be 12th mag at K band, although
the typical saturation limit is ∼ 0.5 mag brighter. For individual
sightlines, we slightly adjust the saturation limit.
The VISTA Variables in The Via Lactea (VVV) is another
near-IR survey by using the 4 m VISTA at ESO. This survey
began in 2010, having completed 1929 hours observation, cov-
ering 520 deg2 in the Milky Way bulge and adjacent Milky Way
plane. The VVV surveyed area is apparently in the southern sky
due to the location of the telescope, which is complementary in
space to the UKIDSS/GPS survey. The depth and saturation lim-
its are comparable to the UKIDSS/GPS survey. For the J and
KS bands to be used (Minniti et al. 2010), the KS limiting mag-
nitude in the majority of regions is about 18.0 mag (5σ), while
in the innermost field is about 16.5 mag (Saito et al. 2012). The
KS saturation magnitude for data with 10 s integrations is near
13 mag (Soto et al. 2013), while for data with 4 s integrations is
near 12 mag. In this work, we adopt KS ∼ 12 mag as the limit-
ing magnitude to avoid saturated VVV stars. The saturated stars
in the VVV catalogues will be complemented with the 2MASS
observations.
2.1.3. Combination of the Fundamental and Supplemental
Catalogs
In order to cover a wide range of distance, we combined the
2MASS data with the UKIDSS or VVV data. The 2MASS data
will be used when the stars are brighter than the saturation limits
of the other two deep surveys. As the photometric systems are
different in these surveys, we need to calibrate the photometric
data into one standard. Here, we convert the UKIDSS and VVV
magnitudes to the 2MASS magnitudes using the transformation
equations of Hodgkin et al. (2009) and Soto et al. (2013) respec-
tively. Figure 1 is an example of the combined data for the SNR
Article number, page 2 of 31
Wang et al. 2020: Distances to SNRs in the Inner Disk
G22.7-0.2. It can be seen that the 2MASS data is smoothly ad-
joined with the UKIDSS data.
Fig. 1. CMD of the SNR G22.7-0.2. Black points denote the 2MASS
data, and grey points denote the UKIDSS data. The borderline is at
KS=11.8 mag. Blue points mark dwarfs, and magenta points mark gi-
ants which are picked by comparing with the Gaia parallaxes (Section
3.2). Red cubic curves roughly outline the range of RCs. The points lo-
cating between two red curves are thought to be RCs. The RC ridge is
described by red points which is derived by the normal parameter es-
timation in this case. Red dashed line represents the cutoff magnitude
which is 13.8 mag here.
The complete set of CMDs for all the SNRs is appended in
the Appendix as Figures A.1, A.2, A.9, A.10.
2.2. SNRs Sample
The sample of SNRs is from Green (2014, 2017, 2019) which
compiled the parameters of up to about 300 SNRs. From the
catalog, we select 159 SNRs and 124 SNRs that were observed
in the UKIDSS and VVV survey, respectively.
SNRs are extended objects and usually have an irregular ap-
pearance. To measure the extinction and distance of a SNR, the
selected tracers, RCs, must be along the sightline of the SNR.
Hence, the specific area of the SNR needs to be defined. On the
one hand, a large area means more stars which can help to iden-
tify the RC branch in the CMD. On the other hand, a too large
area may smooth out the feature of the SNR or contain addi-
tional feature beyond the SNR. To validate our method to derive
the distance of SNRs, only those with a large angular diameter,
specifically ≥ 20′, are selected. For the size, the angular radius
defines the area for circular SNR. If a SNR is elliptical, still a
circular area is defined with the semi-minor axis as the radius
to minimize the contamination of other adjacent high extinction
objects such as molecular clouds or star-forming regions. With
this size criterion, 35 SNRs with the UKIDSS data and 34 SNRs
with the VVV data are kept, 6 of which are observed by both
UKIDSS and VVV. Thus, our final sample contains 63 SNRs.
3. Method
3.1. RC Candidates
We use the red clump stars as the extinction and distance tracers,
which are selected based on the J − KS vs. KS CMD. For each
SNR area, the CMD consists of the stars from both the 2MASS
catalog and UKIDSS or VVV catalog. Figure 1 is an example
of the CMD for G22.7-0.2. As described in the previous section,
the bright stars are from the 2MASS catalog, and the faint stars
are from the UKIDSS or VVV catalog, while the borderline de-
pends on the sightline and is usually around KS=11.5-13 mag
because of the saturation magnitude changes with the interstel-
lar environment. In the case of G22.7-0.2 shown in Figure 1, the
borderline is at KS=11.8 mag.
As RCs have an almost constant intrinsic color index and
absolute magnitude in near-infrared, they would appear as a
clump in the CMD without being affected by distance or ex-
tinction. In the CMD, the distance darkens the stars (shift ver-
tically in CMD), while the extinction darkens and reddens the
stars (shift diagonally in CMD). Hence, RCs appear like a branch
from upper-left to lower-right instead of a clump in the CMD,
which can be recognized by eyes. However, in practice, the bor-
ders of the RC branch are not sharp. In the literature, people
tried hard to find the exact position of the RCs in the CMD.
Güver et al. (2010) outlined the borderlines of RCs according
to the updated "SKY" model by Wainscoat et al. (1992). Then,
RCs are extracted within the outlines. After binning them by the
K-band magnitude, they found the RC ridge by making the hor-
izontal cuts and fitting RCs via a Gaussian function. Saito et al.
(2012) fitted the RC ridge via a power-law plus a Gaussian to ac-
count for the contamination from dwarf stars. To outline the RC
branch, López-Corredoira et al. (2002) fixed the width of the RC
branch, while Gao et al. (2009) improved by relaxing the width
to a free parameter. Gao et al. (2009) took a quadratic polyno-
mial curve to outline the RCs and fitted them by a Gaussian
function. Due to the influence of extinction on both observed
color and magnitude and errors in photometry, the RC branch
has a width increasing with magnitude, which means that the
Gao et al. (2009) method is more reasonable.
The method we adopted to select RC candidates is on the ba-
sis of Gao et al. (2009). The rough outlines of the RC branch are
delineated by two cubic polynomial functions which fit 7 points
selected manually. For an accurate determination of the RC ridge
of this branch, a faint-ward cutoff is applied to the KS-band mag-
nitude. As shown in Figure 1, the cutoff is at KS = 13.8 mag be-
cause the RC branch lacks enough red stars to form a complete
branch on the red side when KS > 13.8 mag. The RC ridge of
the branch is searched within the outlines above the cutoff mag-
nitude. Because the stellar density decreases with the KS bright-
ness, we dichotomize the bin in the KS magnitude. At KS > 10
mag, every 25 stars form a bin. At KS <10 mag, every 0.1 mag
in KS-band is a bin. For each bin, the RC ridge is obtained by
the kernel density estimation (KDE) or the normal parameter
estimation (Normal). The Normal estimation is adopted when
the result by KDE has excessive fluctuation. The corresponding
J − KS and KS values of the RC ridge are the average values
of stars in each bin. The RC ridge is then used to measure the
distance and extinction of the SNR.
3.2. Removal of Contaminants
The selected RC sample within the two borderlines of the CMD
contains some contaminants, mainly giants and dwarfs. The
near-IR intrinsic colors of red giants are similar to those of RCs.
With the influence of interstellar extinction, red giants will mix
with RCs in the CMD. The low-mass dwarfs have red colors
comparable to RCs. Jian et al. (2017) found that the intrinsic
color (J − KS)0 of dwarf stars becomes redder than 0.62 mag at
Teff < 4500 K. It means K-type and M-type dwarfs have intrin-
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sic colors similar to or redder than RCs. Moreover, interstellar
extinction also brings about redder color. As a result, the dis-
crimination of giants and dwarfs from RCs is impossible simply
from the CMD.
Fig. 2. The comparison of distance based on the RC assumption with the
Gaia distance for stars within the RC strip for G22.7-0.2 (see Figure 1).
We use y = 2x (blue) and y = x/2 (magenta) lines to remove dwarfs and
giants, respectively. Black points denote RCs, while blue points and ma-
genta points denote dwarfs and giants, respectively. These contaminants
are also marked in Figure 1.
The Gaia mission (Gaia Collaboration et al. 2016) is de-
signed explicitly for astrometry. The recently released DR2 con-
tains parallaxes for over 1 billion sources with high precision.
With the help of the Gaia parallaxes, some dwarf and giant
stars can be excluded. In comparison to RCs, dwarfs are much
fainter, and red giants are brighter. So the distance would be
over-estimated if a dwarf star was mistaken as a RC and under-
estimated if a giant star was mistaken as a RC. To remove con-
taminations, we first calculate the distance of each star in the se-
lected sample under the assumption of being a RC in the way to
be described in Section 3.3. Then, we compare the derived RC
distance with the distance converted from the Gaia parallaxes
with corrections by Bailer-Jones et al. (2018).
Figure 2 is an example of the result for the field G22.7-0.2.
Some stars have the Gaia distance significantly smaller than the
RCs distance, and they must be dwarf stars mistaken as RCs.
Considering the errors (no constraint was set on the error of the
Gaia distance) in both distances, the stars above the y = 2x line
(i.e., the calculated RC distance is larger than twice the Gaia dis-
tance) are regarded as dwarf stars and excluded from the sample.
Similarly, the stars below the y = x/2 line (i.e., the Gaia distance
is larger than twice the calculated RC distance) are regarded as
giant stars and excluded1. In this G22.7-0.2 example, 77 stars are
classified as dwarf stars (1.5%), and 14 stars are classified into
giant stars (0.28 %), and they are removed from the RCs sam-
ple. These identified dwarfs (blue dots) and giants (red giants)
are marked in the CMD, as shown in Figure 1. The complete set
of distance comparison diagrams can be found in the Appendix
as Figures A.3, A.4, A.11, A.12. In some cases, the proportion
of dwarfs is slightly high, due to the broad outlines of the RC
branch in the lower part of CMD. Even though this process to
1 The selection of using y = 2x and y = x/2 lines to remove dwarfs
and giants is suitable. The line with other slope is tried, but the RC ridge
is not influenced much since the RC branch is apparent in the CMDs.
remove contaminants is imperfect, our procedure to select RC
stars enables us to fit a locus that closely follows the RC branch
in the CMD.
3.3. Extinction and Distance of RCs
As a standard candle, a RC star’s distance can be determined
by definition, 5 log d = mKS − MKS − AKS + 5. The reason to
choose the KS band is that it has higher photometric precision
and a smaller scatter in the absolute magnitude comparing to
the J and H bands. The absolute magnitude MKS has a constant
value reported in various works with small dispersion. Here we
adopt MKS = −1.61 mag (Alves 2000; Ruiz-Dern et al. 2018).
The distance d can then be calculated if the KS-band extinction
AKS is known. The extinction AKS can be derived from the color
excess E(J−KS) multiplied by a coefficient, AKS = ce×E(J−KS).
The coefficient ce comes from the near-IR extinction law that
defines the ratio of AKS/E(J − KS).
As discussed in Wang & Jiang (2014) and Wang & Chen
(2019), the average near-IR extinction law is universal in most
cases and follows a power law Aλ ∝ λ−2.07. However, some liter-
ature reported that the extinction curve towards the inner Milky
Way, including the Galactic center and the nuclear bulge, is
variable and non-standard(e.g., Gosling et al. 2009; Nataf et al.
2016; Alonso-García et al. 2017). A large power-law index is re-
ported by using the deep near-IR observations, such as α = 2.47
(Alonso-García et al. 2017) or α = 2.64 (Gosling et al. 2009).
Recently, Chen et al. (2018) used Cepheids to investigate the
near-IR extinction along the sightlines to the Galactic center
region and found that the variation in near-IR extinction law
is small for sightlines to the Galactic center and nearby re-
gions even if the absolute extinction varies a lot. The corre-
sponding power-law index is α = 2.05 with the VVV effec-
tive wavelengths as benchmarks. This value is consistent with
α = 2.11 reported by Fritz et al. (2011), which is determined
based on hydrogen emission lines in the Galactic center. Be-
sides, Wang & Chen (2019) discussed the extinction uncertain-
ties brought from the measurement method in details (see Sec-
tion 4 of their work) and concluded that the reported various
near-IR extinction in previous works could be explained by
several factors including the photometric quality, the average
reddening amount of high-extinction sources, the sample num-
ber, and the ratio of low- to high-extinction sources. For high-
extinction regions, such as the Galactic center and molecular
clouds, the curvature of color excess ratios becomes obvious,
which also affects the measurement of the near-IR extinction
law. As the SNRs in our sample have a size larger than 20′,
the average IR extinction law is acceptable. In this work, we
adopted the coefficient, ce = 0.473, of Wang & Chen (2019),
which is derived based on RCs with the Gaia data. The color
excess E(J − Ks) is obtained by subtracting the intrinsic color
index (J − KS)0 = 0.7 mag (Grocholski & Sarajedini 2002). The
distances of each RC star and the RC ridge are then determined
from
5 log d = mKS − (−1.61) − 0.473 × (J − KS − 0.7) + 5 . (1)
For each RC star, if assuming the near-IR extinction law un-
certainty is ∼ 15% 2 at E(J − KS) = 2 mag, the propagated dis-
tance uncertainty is ∼ 7%. To reduce uncertainties, we take the
RC ridge as a typical value for each bin to estimate the extinction
and distance of SNRs.
2 The 15% uncertainty in the near-IR extinction law includes measure-
ment errors of methods and the reported variations in the literature.
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Fig. 3. The definition of the SNR area (the red circle) and the sur-
rounding area (the blue annulus) for SNR G22.7-0.2 as an example.
The background image is the 13CO (J=1-0) emission map overlaid with
the 1.4GHz radio continuum emission contours from Su et al. (2014).
3.4. Distances of SNRs
The distance of a SNR is determined in two steps. As we men-
tioned in the Introduction section, the supernova explosion com-
presses the surrounding interstellar material to a high density so
that the interstellar extinction would increase sharply at the posi-
tion of the SNR. Then, the first step searches for the position(s)
where a sharp extinction gradient occurs, which is the method
used in Zhao et al. (2018, 2020). Considering that the SNRs are
located in the Galactic plane full of molecular clouds, the second
step tries to identify whether the distance is of the SNR itself or
just of a molecular cloud in the sightline. The details follow.
Firstly the change of AKS with the distance d is studied for
the RC ridge toward each SNR sightline. Taking G22.7-0.2 as an
example, Figure 4 shows the change of AKS with d. The general
increasing trend of extinction with distance is significant. From
this diagram, the position of the sharp extinction gradient can
be recognized. Though this position is usually visible, we use a
smooth spline interpolation function to determine this position
quantitatively, which is the red line in Figure 4, i.e. the spline
interpolation curve of the red dots3. The accurate positions of
the two jumps are then calculated by differentiating the spline
interpolation function. The result for G22.7-0.2 is displayed in
Figure 5, i.e. the differential extinction per distance ∆AKS/d with
distance, where the two significant gradients are marked as red
dash lines. The primary gradient occurs at 4.74 kpc with a value
of 1.33 mag/kpc, significantly larger than the average extinction
rate around 0.05 mag/kpc in the diffuse ISM4. The secondary
gradient occurs at 3.11 kpc with a value of 0.49 mag/kpc, which
is also larger than the average value of diffuse clouds. The blue
dotted lines indicate the locations of half maximum half-width
of the profile, which represent the distance errors. Consequently,
3 In a few cases, there exist significant outliers that are removed in
determining the spline interpolation curves.
4 In the solar neighborhood, the average extinction rate in the V band
is 0.7–1.0 mag/kpc (Gottlieb & Upson 1969; Milne & Aller 1980).
Wang et al. (2017) estimated the average rate to be 0.37 mag/kpc to-
wards a very diffuse region in the Galactic plane. Wang & Chen (2019)
updated the average extinction law with improved precision, from
which we adopt AKS/AV = 0.078 ± 0.004 and the corresponding av-
erage rate of extinction in the KS-band is 0.029–0.078 mag/kpc.
Fig. 4. (a) (Top): The distance–extinction diagram of SNR G22.7-0.2.
The red and grey dots denote the RC ridge of the SNR region and the
surrounding region, respectively. The lines are the spline interpolation
function curves. There is a noticeable sharp jump at about 4.74 kpc, and
a small jump at about 3.11 kpc. (b) (Bottom): The distance–extinction
diagram of the sightline of molecular cloud G15.15-0.7.
two distance candidates are found for G22.7-0.2 by the sharp
gradient that is significantly larger than the average.
The second step tries to identify whether the distance candi-
date is of the SNR or just of a molecular cloud in the sightline.
This is done by comparing the behavior of AKS and ∆AKS/d.
For this purpose, an area surrounding the SNR is selected for
comparison. The surrounding area is an annulus, where the in-
ner radius of the annulus is 1.5 times the radius of the SNR to
avoid the SNR’s influence, and the area of the annulus is equal
to that of the SNR so that there would be a comparable number
of stellar tracers in the surrounding area to the SNR region. It
is expected that the SNR would produce more extinction and a
sharper gradient due to its higher dust density than the surround-
ing area. Figure 3 shows the case of G22.7-0.2, where the red
circle marks the SNR G22.7-0.2, and the blue annulus is the sur-
rounding area. The background image is the weighted intensity
mean velocity map of the 13CO (J=1-0) emission overlaid with
the 1.4GHz radio continuum emission contours from Su et al.
(2014). In Figure 4 and 5, the grey lines show the change of AKS
and ∆AKS/d with d for the surrounding area. It can be seen that
the SNR G22.7-0.2 presents both higher AKS and ∆AKS/d at the
candidate distances as expected. In such a case, the candidate
distance is regarded as the distance of the SNR. There are some
cases where the SNR region shows no excess or even smaller
extinction or gradient in comparison with the surrounding area,
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Fig. 5. (a) (Top):The change of differential extinction per distance
∆AKS/d with distance for SNR G22.7-0.2 (red line) and the surround-
ing area (grey lines). For the SNR sightline, there are two signifi-
cant gradients marked as red dash lines: the larger one at 4.74 kpc
with ∆AKS/d = 1.33 mag/kpc, and the smaller one at 3.11 kpc with
∆AKS/d = 0.49 mag/kpc. The blue dotted lines indicate the locations
of half maximum half width of the profile, which represent the distance
errors. For the surrounding area, the extinction gradients are weaker
and marked as the grey dash lines. (b) (Bottom): The distribution of
differential extinction per distance for the sightline of molecular cloud
G15.15-0.7.
then the candidate distance may not be associated with the SNR
and is not accepted.
It may be argued that the high extinction and gradient can
be caused by the molecular cloud in the sightline. To illus-
trate that a molecular cloud produces very likely different sce-
nario, we chose one intense region located at l = 15◦.15,
b = −0◦.7 with radius=0.25◦ (named G15.15-0.7) from the
Planck 100GHz map that is representative of the molecular CO
(Planck Collaboration et al. 2018). Its change of the extinction
and the gradient with distance are shown in Figure 4 and Fig-
ure 5. It can be seen that the change is much more smooth and
correspondingly the gradient is smaller though there is still a
peak around 4.2 kpc. The situation is very similar to that of the
surrounding area of G22.7-0.2. This shows that typical molec-
ular clouds do not produce a large increase of extinction in a
narrow distance range like an SNR, but the existence of two
peaks in Figure 5 shows that this can happen in rare cases, see
also Figure A.7. This can be understood that a normal molecu-
lar cloud has a lower density than a SNR. There may be dense
cores within a molecular cloud, but a dense core would be very
obscured, and few RCs could be observable and presented in the
analysis. In addition, a dense core is rather small, and its effect
may be smoothed out in size like a SNR which is larger than 20′
in our sample. Therefore, in principle, it is reasonable that we
accept the distance at the position of a gradient larger than the
surrounding area toward the sightline of the SNR, but the study
of all types of molecular clouds is beyond the scope of this paper.
A further step is taken to confirm the identified distance
and to distinguish which distance is associated with the SNR
when more than one candidate is found, i.e. to check if the
SNR was found to interact with any molecular cloud from pre-
vious studies, similar to the method of Zhao et al. (2020). If the
SNR is interacting with the molecular cloud, the distances of
the two objects are the same. Then, the distance of the SNR
is determined. In the case of G22.7-0.2, Jiang et al. (2010) sug-
gested it is in physical contact with the environmental molecu-
lar cloud. Su et al. (2014) identified a molecular cloud complex
GMC G23.0-0.4 that covers SNR G22.7-0.2 (see their Figure 1)
based on their CO observations and found the convincing kine-
matic evidence that supports the interaction between the SNR
and the 77 km s−1 molecular clouds. According to Jiang et al.
(2010), the kinematic distance of G22.7-0.2 is 4.4 ± 0.4 kpc,
which coincides with the position of the primary extinction gra-
dient at 4.74 kpc in our calculation while disagrees with the posi-
tion of the secondary gradient at 3.11 kpc which may be caused
by another foreground dense cloud. Therefore, the distance of
G22.7-0.2 is determined to be 4.74 kpc, which confirms previ-
ous identification of the interaction and is more accurate. The
details for the individual objects can be found in Section 4.
The complete set of distance-extinction diagrams for all the
SNRs is shown in the Appendix as Figures A.5, A.6, A.13, A.14.
The distributions of differential extinction per distance with dis-
tance for all the SNRs are displayed in the Appendix as Fig-
ures A.7, A.8, A.15, and A.16. In case that a SNR has two dis-
tance choices, such as G22.7-0.2, additional information, such
as the known distances from previous works and radio observa-
tions with velocity, is used to judge which distance is that of the
foreground/backgroundmolecular cloud and the SNR.
4. Result
The distance and extinction of 63 SNRs based on the 2MASS
and UKIDSS or VVV data are derived. We tabulated these re-
sults in Table 1 and Table 2, including name, the other name
for famous SNRs, position, radius, the adopted fitting method
to derive the RC ridge, distance, and extinction. We named the
distance determined in this work as the extinction distance dext.
If the sightline of a SNR exhibits two distance gradients, the
larger one is assigned to the primary distance (dext)P, and the
smaller one is assigned to the secondary distance (dext)S. The
finally suggested extinction distances to SNRs are in boldface.
Generally, the errors of distances in Table 2 (based on VVV
data) are smaller than those in Table 1 (based on UKIDSS data).
Among 63 SNRs, 6 of them have both UKIDSS and VVV data,
and their distances have been determined independently by the
same method with the different data samples. They are:
– G5.4-1.2 with dext = 3.89±0.91 kpc (UKIDSS), dext = 3.89±
0.37 kpc (VVV),
– G6.1+1.2 with dext = 3.27 ± 0.73 kpc (UKIDSS), dext =
3.67 ± 0.36 kpc (VVV),
– G6.4-0.1 with dext = 3.55±0.90 kpc (UKIDSS), dext = 3.55±
0.34 kpc (VVV),
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– G8.9+0.4 with dext = 3.54 ± 0.62 kpc (UKIDSS), dext =
3.51 ± 0.41 kpc (VVV),
– G359.0-0.9 with dext = 3.49 ± 0.36 kpc (UKIDSS), dext =
3.29 ± 0.20 kpc (VVV),
– G359.1-0.5 with dext = 3.29 ± 0.47 kpc (UKIDSS), dext =
3.18 ± 0.32 kpc (VVV).
The agreement between these six sources is very good. This high
internal consistency underscores that our distance determination
method is stable.
The extinction distance is identified based on the near-IR ex-
tinction jump of the RC ridge along the SNR sightline. Due to
the extinction effects, the distance can not be measured for the
SNRs with either too low extinction or too high extinction. The
lower limit of measurable distance is about 2 kpc. Depending on
the amount of extinction in the sightline of each case, the upper
limit of measurable distance is changeably ranging from 5 kpc
to 16 kpc. In this work, most SNRs with measurable extinction
distances are located within 2–5 kpc.
Adopting this method to derive extinction distance may be
uncertain in two situations. The first case is that there is no sharp
jump if the extinction increases slowly with the distance. For ex-
ample, G59.8+1.2 (Figure A.8) only shows a small amplitude
of variation in the extinction gradient, which neither presents
any additional extinction or gradient in comparison with the sur-
rounding area. This phenomenon may indicate that the SNR is
very tenuous and almost completely dispersed into the interstel-
lar medium, or becomes filamentary so that most of the stars
experience no additional extinction to the surrounding interstel-
lar medium. The second case is that the relatively sharp increase
of the extinction with distance spans a range significantly larger
than the typical size of a SNR and the error of distance. G6.4-
0.1 is one such case that the sharp increase starts from ∼ 2.4 kpc
and ends at ∼ 5.4 kpc (Figure A.8). The about 3 kpc width cannot
be caused by a single SNR, but possibly by some giant molec-
ular clouds and/or adjacent SNRs and clouds, which looks like
the profiles of the comparison molecular cloud G15.15-0.7 in
Figure 5. Indeed, G6.4-0.1 is known to have strong kinematic
evidence for the SNR–molecular cloud interaction (Jiang et al.
2010). It is an old-age SNR with an estimated distance be-
tween 1.8 and 3.3 kpc (e.g., Goudis 1976; Lozinskaya 1981;
Velázquez et al. 2002; Aharonian et al. 2008). Both effects are
reflected in the profile width of the extinction gradient that is
taken as the uncertainty of the distance in Table 1 and 2.
4.1. Reliability Levels of Distances
The reliability of the derived distances is divided into three lev-
els. The most reliable result is required to satisfy the follow-
ing criteria at the candidate distance: (1) the extinction gradient
∆AKS/d ≥ 0.09 mag/kpc, i.e. greater than the average gradient of
the diffuse interstellar medium; (2) the extinction AKS of the SNR
region is greater than the surrounding area, which means some
excess extinction in comparison with the surrounding area; (3)
the extinction gradient ∆AKS/d of the SNR region is greater than
the surrounding area; (4) the width of the ∆AKS/d vs. d profile is
less than 20% of d, i.e. a kind of relative error, which means a
relatively small size of the structure. In spite that somemolecular
clouds are small as well, this criterion excludes large molecular
clouds. The sightline toward SNRs in the inner disk may contain
several clouds around the position of spiral arms. In such cases,
the identification of the distance to the SNR is scrutinized in Sec-
tion 5.1. If all the above four criteria are satisfied, the distance
has the highest reliability, Level A. Consequently, 34 of the 63
SNRs are at this level.
The other 29 SNRs are further divided into two levels, Level
B and C, depending on whether the SNR is found to be asso-
ciated with any molecular cloud. Jiang et al. (2010) presented a
catalog of 64 Galactic SNRs known and suggested to be in phys-
ical contact with environmental molecular clouds. Jeong et al.
(2012) found an additional 6 SNRs having spatial correlations
with molecular clouds. Recently, Stafford et al. (2019) also tab-
ulated the SNRs with evidence of interaction with a molecular
cloud. Froebrich et al. (2015) presented 30 SNRs with H2 emis-
sion features, and the detailed work about these SNR interact-
ing with molecular clouds is presented in Lee et al. (2019). By
cross-checking, 23 SNRs in our sample are found to be in these
catalogs (marked in Tables 1 and 2), which means they are asso-
ciated with some molecular clouds. Twelve of them satisfy the
above criteria and are already classified into Level A. For the
other 11 SNRs, the derived extinction distance is examined to
be consistent with the kinematic distance of the cloud or not. If
yes, this distance is classified into Level B, otherwise, into Level
C, which results in 9 SNRs in Level B and 2 SNRs in Level C.
In such a way, the independently determined distances in Level
B are highly reliable since the distance of the SNR is consis-
tent with the associated molecular clouds. These SNRs may be
old and filamentary, which cannot show up either in the total
extinction or the extinction gradient in comparison with the sur-
rounding area, so that they are not in Level A. All the other 18
SNRs, which neither satisfy the criteria or found to be associated
with any molecular cloud, are classified into Level C. The dis-
tances in Level C still have some chances to be real and can be
taken as a reference since not all the SNRs are carefully checked
to interact with a molecular cloud or not. The final classifica-
tion of distances is listed in the column of "Reliability” in Table
1 and Table 2. To summarize, our determined distances to 63
SNRs in the inner disk are classified into three groups, A, B,
and C, including 34 highly reliable (A), 9 reliable (B) associated
with molecular clouds, and 20 less reliable (C) which needs fur-
ther investigation. The reliable distances (A and B) are derived
for more than two-thirds of 63 SNRs. The accurate distances to
seven SNRs5 are obtained for the first time. For those SNRs as-
sociated with molecular clouds, the derived distance confirms or
distinguishes previous distances, and with higher accuracy.
4.2. Comparison with Previous Works
Currently, the known distances of SNRsmostly are the kinematic
distances or the radio-surface-brightness distances. The kine-
matic distance is determined by data from HI and CO line sur-
veys. The radio-surface-brightness distance is usually estimated
from the radio-surface-brightness–diameter relation. In our sam-
ple, there are 12 SNRs with both the kinematic distances dkin
from Green (2019) and the radio-surface-brightness distances
drad from Pavlovic´ et al. (2013). Only one source, G93.7-0.2, has
consistent dkin and drad. Besides, the drad value of G327.4+0.4
is close to the lower limit of the dkin range. The distances of
three cases, G22.7-0.2, G23.3-0.3, and G353.6-0.7, are consis-
tent within ∼ 1.5 kpc. The discrepancies of the other 7 SNRs
are larger than 2.0 kpc, and the most substantial difference even
reaches 6.4 kpc. The recent works of Stafford et al. (2019) and
Vukotic´ et al. (2019), also tabulated the distances to a large
group of SNRs. We compare these distances with the radio-
surface-brightness distances as well. In Stafford et al. (2019), the
adopted distances to G321.9-0.3, G335.2+0.1, G351.7+0.8 are
5 G5.4-1.2, G308.8-0.1, G318.2+0.1, G318.9+0.4, G327.1-1.1,
G329.7+0.4, and G341.2+0.9
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−1.0 kpc, 1.8 kpc, 13.2 ± 0.5 kpc, respectively, whereas the
drad distances from Pavlovic´ et al. (2013) are 3.8 kpc, 4.2 kpc,
5.4 kpc. The discrepancy is apparent, in particular as large as
7.8 kpc for G351.7+0.8. SNR G351.7+0.8 is a shell-like SNR,
whose distance is estimated to be 13.2± 0.5 kpc based on an as-
sociated HI emission by Tian et al. (2007), and 5.4 kpc using the
radio surface-brightness–diameter relationship by Pavlovic´ et al.
(2013). In Vukotic´ et al. (2019), the adopted distances to G15.1-
1.6, G73.9+0.9, G359.1-0.5 are 2.2 kpc, 1.25 kpc, 8.5 kpc, re-
spectively, also apparently different from their drad distances
from Pavlovic´ et al. (2013) being 4.2 kpc, 4.0 kpc, 4.0 kpc.
Moreover, the distances to some SNRs are still controversial,
such as SNR G359.1-0.5. As summarized in Suzuki et al. (2020)
and Eppens et al. (2020), there are suggestions that the SNR lo-
cated at the Galactic Centre, 8.5 kpc, or the foreground of the
Galactic center, ∼ 4 kpc. In addition, even the kinematic dis-
tances in the literature are inconsistent with each other. For ex-
ample, in Green’s SNRs catalog, the distance of G347.3-0.5 im-
plied by the associated molecular clouds and X-ray observations
is 1.3 kpc. Meanwhile, Slane et al. (1999) argued that a distance
as small as this appears to be very unlikely. Based on several
lines of evidence, including a distance estimation based on the
X-ray derived column density, a quantitative calculation based
on the rotation curve of the Galaxy, and a complete picture of
the remnant, they suggested a distance of 6 kpc with at least ±1
kpc uncertainty for G347.3-0.5.
To summarize, the reported distances to SNRs still have
large spreads or uncertainties in many cases. Considering
the ambiguity in the kinematic distance, and the scatter-
ing of the empirical relation in determining radio-surface-
brightness distances, more reliable and accurate distances
are needed. Our extinction distances are derived indepen-
dently with high accuracy and do not suffer from the
near/far distance ambiguity. We compare our derived extinc-
tion distances with the radio-surface-brightness distances from
Pavlovic´ et al. (2013), and the distances determined by other
methods collected from Suzuki et al. (2020), Green (2019),
Lee et al. (2019), Stafford et al. (2019), Vukotic´ et al. (2019),
Ranasinghe & Leahy (2018), Shan et al. (2018), Kilpatrick et al.
(2016), Misanovic et al. (2010), Hewitt & Yusef-Zadeh (2009),
Jackson et al. (2008), and Slane et al. (1999). These distances
are mainly kinematic distances based on HI/CO observations,
as well as distances implied by molecular clouds association,
X-ray observations, and optical absorption. We list the collected
distances from literature in Table 1 and Table 2 as drad, and dother,
respectively. Figure 6 compares the extinction distances dext (this
work) with (a) the radio-surface-brightness distances drad, and
(b) the other known distances dother, where we assume these dis-
tances have 20% uncertainties.
4.2.1. Comparison with the Radio-surface-brightness
Distances
In our sample, there are 36 SNRs with radio-surface-brightness
distances from Pavlovic´ et al. (2013), including 23 in Group A,
4 in Group B, and 9 in Group C. Figure 6 (a) compares the de-
rived extinction distance dext with the radio-surface-brightness
distance drad for 27 SNRs in Group A (red dots) and B (blue
asterisks). The objects can be divided into three classes:
– thirteen of them are consistent with each other, consisting of
eleven in group A and two in group B;
– six of them have a difference around 1.5 kpc;
– eight of them have dext inconsistent with drad, which are six
SNRs in Group A (G54.4-0.3, G3.8+0.3, G6.1+1.2, G301.4-
Fig. 6. Comparison of distances derived in this work (extinction dis-
tance dext) with (a) (Top) the radio-surface-brightness distances drad for
27 SNRs, and (b) (Bottom) the distances obtained by other methods
dother for 20 SNRs. The red dots and blue asterisks denote the SNRs
with distance’s reliability A and B, respectively. The solid lines are the
y=x loci.
1.0, G315.9+0.0, and G351.7+0.8) and two SNRs in Group
B (G49.2-0.7 and G8.7-0.1). The differences are around
2 kpc for G3.8+0.3, G301.4-1.0, and G351.7+0.8, which
may be considered to be consistent with dext if the large un-
certainties in drad is taken into account. The radio-surface-
brightness distances of SNRG6.1+1.2 with 6.7 kpc and SNR
G315.9+0.0 with 8.2 kpc are beyond the measurable range
of our method. G54.4-0.3, G49.2-0.7, and G8.7-0.1 are in-
teracting with adjacent molecular clouds (Jiang et al. 2010),
for which the extinction distances agree with their reported
kinematic distances (Lee et al. 2019; Ranasinghe & Leahy
2018; Hewitt & Yusef-Zadeh 2009), which implies that drad
is wrong.
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4.2.2. Comparison with the other Distances
Among our 63 SNRs, 5 SNRs are assigned the range of distance
and 18 SNRs have specified distance in Green (2019). Adding
the distances from other literature, a total of 29 SNRs (12, 8
and 9 in Group A, B, C respectively) have specified dother dis-
tances which are listed in the column of dother of Table 1 and 2
and marked by different symbols. Figure 6 (b) compares the de-
rived extinction distance dext with the known distance dother for
20 SNRs in Group A (red dots) and B (blue asterisks). It can be
seen that the dispersion is apparently smaller than in Figure 6 (a)
for drad. They are divided into three classes as following:
– Fifteen of them are consistent with each other, consisting of
seven in Group A and eight in Group B including two special
cases G359.1-0.5 and G347.3-0.5. As mentioned above, the
reported distances to G359.1-0.5 and G347.3-0.5 are contro-
versial in the literature. For G359.1-0.5, our derived distance
3.29± 0.47 kpc confirmed that this SNR is in the foreground
of the Galactic center at a distance of ∼4 kpc by Suzuki et al.
(2020). For G347.3-0.5, our extinction distance of 4.56±0.58
kpc is consistent with the suggested distance of 6 ± 1 kpc by
Slane et al. (1999);
– Two SNRs have a difference around 1.5 kpc between the two
distances;
– Three SNRs in Group A (G65.1+0.6, G73.9+0.9, and
G351.7+0.8) have the extinction distance inconsistent with
the kinematic one. The disagreement comes from both sides.
For G65.1+0.6 and G351.7+0.8, the suggested kinematic
distances are 9 kpc and 13 kpc, respectively, which are be-
yond currentlymeasurable ranges of the extinction distances.
On the other side, the kinematic distance suffers the usual
ambiguity. Besides this, non-circular motion might cause er-
rors. However, the extinction distances of these three SNRs
agrees with the radio-surface-brightness distances. Consid-
ering that these objects are classified into Group A, the ex-
tinction distance should be more reliable than the kinematic
distance.
5. Discussion
5.1. SNRs in the Inner Disk
The spatial distribution of our 43 SNRs (except 20 SNRs in
Group C) in the inner disk is shown in Figure 7. Most of
them are located from 2 kpc to 5 kpc away. It can be seen
that some SNRs are associated with the spiral arms, which is
expected because massive stars are born in spiral arms. How-
ever, for SNRs in the direction to spiral arms, more than one
peak may be found in the extinction gradient. In our sample, 12
SNRs have two peaks in the extinction gradients in the sight-
line. For each of them, we carefully scrutinize the distance to the
SNR. Additional information, such as the known distances of
dkin and drad, radio observations of SNRs, is used to help iden-
tify the distance to the SNR. For example, there are two jumps
in the extinction gradient for G309.8+0.0 (Figure A.15). We
tend to think that the primary sharp one is caused by the SNR,
while the broad one may associate with the molecular clouds in
the Scutum-Centaurus arm, considering that a SNR should be
smaller than a giant molecular cloud in the spiral arm. The dis-
tance of 3.6 kpc determined from the associated molecular cloud
(Case & Bhattacharya 1998) agrees with our primary extinction
distance. Moreover, the primary distance is consistent with drad,
which further supports our judgment. There are a few objects
in-between the spiral arms, which may be caused by Type Ia
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Fig. 7. The distribution of the 43 SNRs consisted of 34 in Group A (red
dots) and 9 in Group B (blue asterisks), respectively in the inner disk
superimposed on Robert Hurt’s sketch of our Galaxy.
SNe. Although Type Ia SNs are believed to produce little dust
themselves, the energetic explosion should be able to compress
the ambient ISM to cause an extinction jump relative to the sur-
rounding area.
5.2. The Relation of Diameter with Extinction
The diameter of a SNR is an indicator of its age. The SNR ex-
pands almost homogeneously after the explosion, and the diame-
ter is then positively correlated to the age. The expansion leads to
a more and more tenuous cloud with lower and lower density. In
general, the dust density of the SNRs should decrease with age.
Therefore, an inverse relation is expected between the extinction
AKS and the diameter D for SNRs.
The linear size of a SNR can be calculated from its angular
diameter once the distance is known. The following discussions
are based on the 43 SNRs with reliable distances in Group A
and B. With the distance derived above, the linear diameter D is
calculated from the angular radius of spherical SNR or the ma-
jor axis of elliptical SNR. The calculated diameter of the SNRs
ranges from about 15 pc to 80 pc, as shown in Figure 8. Draine
(2011) estimated the radius of a SNR under typical conditions
to be from ∼ 5 pc to 24 pc during the Sedov-Taylor phase, and
∼ 70 pc when the SNR fade away. According to this model cal-
culation, 36 SNRs are in the Sedov-Taylor phase with a radius
smaller than 24 pc, and only seven SNRs should be in the snow-
plow phase with a radius larger than 24 pc. No one is in the fade-
away phase as expected because of the very tenuous structure
and thus little additional extinction in this stage. The SNRs in
the free-expansion phase are not included because we chose only
big SNRs (larger than 20′) that have numerically enough stars to
trace the extinction variation. The sizes of the SNRs confirm the
distances are reasonable.
The extinction of a SNR can be measured by the jump at
the position of the SNR in the distance–extinction diagram, e.g.,
Figure 4. As the sharp extinction jump is caused by the SNR, the
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Fig. 8. The diameter D vs. extinction AKS for the 43 SNRs consisted of
34 in Group A (red dots) and 9 in Group B (blue asterisks), respectively.
increment of extinction is the extinction of the SNR. The extinc-
tion values of SNRs, (AKS)SNR, are listed in Table 1 and Table
2. For example, the increment of extinction AKS for G22.7-0.2 is
0.84 mag at the SNR position (i.e., 4.72 kpc away). Figure 8 dis-
plays the distribution of diameter D with extinction AKS . It can
be seen that the diameter of the SNR decreases with extinction,
with a moderate Pearson correlation coefficient of -0.34. This
consistency with expectation indirectly proves the correctness of
our distances.
5.3. Dust Mass of SNRs
As the extinction is proportional to the dust column density, the
dust mass of a SNR can be estimated from its extinction, with
the geometry information of a SNR and the optical property of
the dust. Zhao et al. (2018) estimated the dust mass of theMono-
ceros SNR using this idea. In this work, we follow their way to
estimate the dust mass of SNRs. First, we assume the extinction
of SNRs complies with the dust model for the Galactic average
extinction law at RV = 3.1 from Weingartner & Draine (2001),
although this may not be true due to the influence of the SN ex-
plosion on the dust. The mass extinction coefficient in the V band
is then
Kext,V = AV/
∑
dust
= 2.8 × 104 mag cm2 g−1 , (2)
where
∑
dust is the surface mass density. With the effective
surface area Aeff, the dust mass is then Mdust =
∑
dust ×Aeff.
Owen & Barlow (2015) used a clumped-shell geometry to de-
scribe the morphology of SNRs. For simplicity, we assume a
dusty circular shell with Rin (the inner radius of the dust shell)
and Rout (the outer radius of the dust shell). Therefore, the ef-
fective surface area is Aeff = π (R2out − R
2
in) × Ffil, where Ffil is
the filling factor. Consequently, the mass of the dust Mdust in the
shell can be calculated by
Mdust =
AV × π (R2out − R
2
in) × Ffil
Kext,V
. (3)
The average extinction of SNRs in KS-band has been derived
in Section 5.2, which can be converted to AV = AKS/0.11
by adopting the extinction coefficient for RV = 3.1 from
Weingartner & Draine (2001). Assuming the filling factor Ffil to
Fig. 9. The distribution of dust mass vs. diameter for 43 SNRs con-
sisted of 34 in Group A (red dots) and 9 in Group B (blue asterisks),
respectively.
be 0.1 as Owen & Barlow (2015) suggested and substituting the
coefficients with correct units, the mass of dust is
Mdust = 0.488
AKS
mag
[(
Rout
pc
)2 − (
Rin
pc
)2]M⊙ . (4)
Assuming Rin = 0.8Rout that is the same as Zhao et al.
(2018), the dust mass of each SNR can be deduced by equa-
tion (4). Figure 9 shows the distribution of dust mass versus di-
ameter for 43 SNRs in Group A and B. Due to the limit of the
method, the diameter of sample SNRs starts from about 15 pc
and reaches up to 80 pc, the corresponding dust mass ranges
from about 2 M⊙ to 100 M⊙. Generally, SNRs with larger diam-
eter have swept a larger interstellar area and led to more inter-
stellar dust clumped in the shell of SNRs as seen in Figure 9.
Among these SNRs, most of them have dust mass less than 30
M⊙. This result is consistent with previous works. For example,
Draine (2009) estimated the dust mass shocked at the end of the
Sedov-Taylor phase to be ∼ 10 M⊙ with the corresponding ra-
dius of ∼ 20 pc. Our estimation of dust mass for the SNRs with
a diameter of ∼ 20 pc is approximately 10 M⊙. Lakic´evic´ et al.
(2015) estimated the dust mass removed by a SNR is about 4 M⊙
in the LMC, which corresponds to about 15 M⊙ per SNR in the
Galaxy if the difference of gas-to-dust ratio is taken into account.
There are seven SNRs whose dust mass is over 40 M⊙. On the
one hand, this large mass may be caused by the large size of the
SNR. On the other hand, except G318.2+0.1, the remaining six
SNRs are associated with molecular clouds where more dust is
accumulated due to a dense environment.
Several factors affect the estimation of dust mass from Equa-
tion (3), such as the extinction coefficient, and the mass extinc-
tion coefficient of the dust grain model. In the previous cal-
culation, we take these parameters from Weingartner & Draine
(2001). The dust mass would increase when adopting the ex-
tinction coefficient AKS/AV = 0.078 from Wang & Chen (2019),
while the dust mass will decrease by taking the mass ex-
tinction coefficient Kext,V = 3.7 × 104 mag cm2 g−1 from
Nozawa & Fukugita (2013). These changes in dust mass are
taken as errors and listed in the last columns of Table 1 and 2.
Note that these dust masses are very crude estimations. The un-
certainty of the inner radius of the dust shell Rin and the filling
factor Ffil can also lead to errors in the dust mass. Nevertheless,
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the calculated dust mass reflects the approximate dust mass of
SNRs and more accurate calculation is planned.
5.4. The Extinction Distance
The extinction distance of a target measures the position of
the jump in extinction towards the sightline of the target. This
method was used to independently measure the distance to
molecular clouds or SNRs in recent years. Stead & Hoare (2010)
determined the extinction distances to a group of molecular
clouds in the Galactic plane using the near-IR UKIDSS sur-
vey. They stated that the independent measurement of the ex-
tinction distances is useful to resolve the kinematic distance am-
biguity. Foster et al. (2012) used near-IR extinction to estimate
the distances to dark clouds in the first Galactic quadrant and
found that the extinction distances reproduce the maser paral-
lax distances better than the kinematic distances. Schlafly et al.
(2014) estimated the extinction distance to a large group of high-
latitude molecular clouds, as well as many other well-studied
clouds, including Orion, Perseus, Taurus, Cepheus, Polaris, Cal-
ifornia, and Monoceros R2. These distances span from 0.1 kpc
to 2.4 kpc. Their technique is limited by the distance up to 5
kpc due to the high interstellar extinction in the optical pho-
tometry they used from PanSTARRS-1. With Gaia parallaxes,
Zucker et al. (2019) updated the distances to molecular clouds in
Schlafly et al. (2014). Chen et al. (2017) used three-dimensional
(3D) dust extinction map to estimate the distance of SNR S147,
and analyzed the SNR interacting with the molecular cloud.
Later, Yu et al. (2019) applied this technique to measure dis-
tances of 12 SNRs in the direction of the Galactic anticentre.
They derived accurate distances to four SNRs, and rough esti-
mations of distances to three SNRs. By measuring the position
of the sharp increase of the interstellar extinction in the target
sightline, Zhao et al. (2018) derived the distance to the Mono-
ceros SNR and its two nearby nebulae. Further, they used this
technique to investigate the distances and extinction curves of
32 SNRs, and determined the distances to 15 of them from the
extinction they produced and their association with molecular
clouds (Zhao et al. 2020). Shan et al. (2018, 2019) constructed
the optical extinction–distance relations along the directions of
SNRs in the first and fourth Galactic quadrant. With the known
extinction of SNRs, the distances or the limits of distances are
obtained.
Although the data and the specific procedures used in these
works are different, the determined distances are generally con-
sistent. For example, the distances obtained for 7 SNRs in
Yu et al. (2019) are all highly consistent with the results deter-
mined in Zhao et al. (2020). Two SNRs in our sample are also
studied by Zhao et al. (2020). One is G93.7-0.2, whose distance
(1.99 kpc) in this work is consistent with that of 2.16 kpc of
Zhao et al. (2020). The other is G65.1+0.6 with a distance of
4.16 kpc in this work, discrepant with 1.33 kpc by Zhao et al.
(2020). As mentioned in Zhao et al. (2020), the extinction jump
at 1.3 kpc might be caused by a local foreground molecular
cloud, which made them classify this result into Level C. Mean-
while, this object is classified into Level A in this work due to its
prominent extinction and gradient in comparison with the sur-
rounding area so that the result is highly reliable. Although our
derived extinction distance deviates from the suggested kine-
matic distance of 9 kpc by Tian & Leahy (2006), it is consis-
tent with the radio-surface-brightness distance of 2.6 kpc by
Pavlovic´ et al. (2013). It is worth noting that Yu et al. (2019)
and Zhao et al. (2020) can only investigate SNRs within 4 kpc
limited by the accuracy of parallaxes from Gaia, while our tech-
nique can measure much farther SNRs, with some cases between
4 and 7 kpc and a couple of extreme cases such as G55.0+0.3 at
10.18 kpc and G36.6-0.7 at 8.66 kpc.
In our sample, five SNRs are reported in Shan et al. (2018).
The agreement is found in three SNRs, G34.7-0.4, G49.2-0.7,
G85.4+0.7, all in Group B. For the other two SNRs (G18.9-1.1
and G66.0+0.0), the difference is apparent, specifically, the dis-
tances from Shan et al. (2018) are about 2 kpc, which are smaller
than ours. In order to find the reason, we re-calculated the dis-
tance of all the five SNRs with our distance–extinction dia-
grams, but at the position of the extinction adopted by Shan et al.
(2018), i.e. the same way as Shan et al. (2018) did. It is found
that the distance to G18.9-1.1 (Group B) becomes 3.7 kpc, which
is apparently larger than 1.8 kpc by Shan et al. (2018) and con-
sistent with our result in Table 1 (3.08 kpc).While for G66.0+0.0
(Group A), the result (2.0 kpc) is smaller than our result in Table
1 (3.93 kpc) and consistent with Shan et al. (2018) (2.3 kpc). It
seems the discrepancy can be caused by the method both to de-
termine the extinction and to determine the distance. More opti-
cal data are needed to clarify this discrepancy.Although both our
work and Shan et al.’s work took RCs as tracers to measure dis-
tances of SNRs by using near-IR photometric data, our method
has the advantages of deeper photometry by adding the VVV and
UKIDSS data, cleaner sample by excluding some dwarfs and gi-
ants with the Gaia data, and more accurate method to derive the
distance. Nevertheless, as mentioned in Section 4, the lower limit
of the measurable distance is about 2 kpc if we use RCs as the
tracers and work in the near-infrared bands. Instead, optical data
for RCs or taking dwarfs as tracers can extend the lower limit of
extinction distance.
6. Conclusion
The distance of a SNR is an essential and important parameter.
However, the determination is hard and tough. In this work, we
determine the distances to a large sample of SNRs in the inner
disk by taking RC stars as the tracers of the distance and extinc-
tion. The main results of this work are as follows:
1. Based on near-IR photometric data from the 2MASS, and
UKIDSS or VVV surveys, we determined the distances to 63
SNRs in the Galactic inner disk according to the additional
extinction and extinction gradient relative to the surround-
ing area. These SNRs are divided into three levels, namely
34, 9, 20 ones in Level A, B, and C, respectively, with de-
creasing reliability of distances. The distances in Level A
are highly reliable, while SNRs in Level B are associated
with molecular clouds and their distances are reliable as
well. The distances in Level C needs further investigations,
but they can be safely taken as reference. The distance is
compared with those derived from the radio brightness or
the associated molecular cloud. Our results are consistent in
many cases, which helps to clarify some discrepant results
with higher confidence. Accurate distances to seven SNRs,
G5.4-1.2, G308.8-0.1, G318.2+0.1, G318.9+0.4, G327.1-
1.1, G329.7+0.4, and G341.2+0.9, are determined for the
first time. Through elaborate comparison, we conclude that
the measurement of extinction distances is a convenient and
reliable method. In the future, with deeper IR photometric
data, we can extend the maximum measurable distance of
SNRs.
2. With the derived distances and extinction of SNRs, we cal-
culated the diameters and the dust mass of SNRs. We find
an inverse relation between the extinction and the diameter
Article number, page 11 of 31
A&A proofs: manuscript no. SNRs_distances
as expected. The calculated dust mass conforms to the evo-
lution model of an SNR. These results indirectly prove the
correctness of our determined distance and extinction.
3. It is worth noting that if there are other obvious dusty sources
in the SNR sightline, more than one jump in extinction will
be found. In such a case, we combine with other methods
to find which extinction jump is caused by the SNR and
the corresponding distance to the SNR. In other words, this
method can be applied to measure the distances to any ex-
tended dusty sources, such as molecular clouds. In the future,
we will use it to determine distances of molecular clouds in
the spiral arms and study of the Galactic structure.
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Table 1. The distance and extinction of 35 SNRs measured by UKIDSS data.
Namea Other Name R.A. Dec. Radius RC Ridgeb (dext)Pc (∆AKS )P (dext)S
d (∆AKS )S Reliability drad
e dother
f (AKS )SNR Dust Mass
(deg) (deg) (deg) (kpc) (mag/kpc) (kpc) (mag/kpc) (kpc) (kpc) (mag) (M⊙)
G5.4-1.2a Milne 56 270.54 -24.90 0.29 Normal 3.89 ± 0.91 0.15 0 0 A >4.3 0.275 18.94+7.10
−3.34
G6.1+1.2 268.73 -23.08 0.25 Normal 3.27 ± 0.73 0.10 0 0 A 6.7 0.138 4.27+1.60
−0.75
G6.4-0.1a W28 270.13 -23.43 0.40 KDE 3.55 ± 0.90 0.40 0 0 A 1.9 0.742 79.96+29.98
−14.11
G8.9+0.4 270.99 -21.05 0.20 KDE 3.54 ± 0.62 0.27 0 0 A 4.3 0.376 10.06+3.77
−1.78
G13.3-1.3 274.83 -18.00 0.58 Normal 4.76 ± 0.93 0.10 0 0 C 2.0–4.0 0.214 50.65+18.99
−8.94
G15.1-1.6 276.00 -16.57 0.25 Normal 2.91 ± 0.68 0.16 0 0 C 4.5 2.2⊳ 0.186 4.21+1.58
−0.74
G18.9-1.1a 277.46 -12.97 0.28 Normal 5.47 ± 0.79 0.25 3.08 ± 0.65 0.13 B 1.8⋆ /2.0⋄ 0.175 6.70+2.51
−1.18
G19.1+0.2 276.23 -12.12 0.23 Normal 3.57 ± 0.67 0.15 0 0 C 4.0 0.269 9.29+3.48
−1.64
G21.8-0.6a Kes 69 278.19 -10.13 0.17 Normal 4.87 ± 0.29 0.81 3.56 ± 0.24 0.4 A 3.2 5.2⋄ /5.6• 0.586 20.64+7.74
−3.64
G22.7-0.2a 278.31 -9.22 0.22 Normal 4.72 ± 0.26 1.33 3.11 ± 0.29 0.49 A 3.2 4.4/4.7• 0.841 47.09+17.66
−8.31
G23.3-0.3a W41 278.69 -8.80 0.23 Normal 3.38 ± 0.26 1.34 4.14 ± 0.27 0.93 A 2.7 4.2⋄ /4.8• 0.799 24.70+9.26
−4.36
G24.7+0.6a 278.54 -7.08 0.25 Normal 2.73 ± 0.68 0.31 5.87 ± 0.71 0.26 B 3.5⋄ 0.483 6.03+2.26
−1.06
G25.1-2.3 281.29 -8.00 0.67 Normal 3.45 ± 0.83 0.05 0 0 C 2.9 0.100 10.66+4.00
−1.88
G27.8+0.6a 279.96 -4.40 0.42 KDE 3.99 ± 0.55 0.21 0 0 A 2–3⊘ 0.275 24.43+9.16
−4.31
G30.7+1.0 281.00 -1.53 0.20 Normal 3.64 ± 0.93 0.13 0 0 C 5.1 0.242 5.16+1.93
−0.91
G32.1-0.9a 283.29 -1.13 0.33 KDE 4.65 ± 0.56 0.11 0 0 A 4.6⋄ 0.131 16.93+6.35
−2.99
G34.7-0.4a W44, 3C392 284.00 1.37 0.29 Normal 2.66 ± 0.71 0.49 0 0 B 2.1⋆ /2.8⋄ /3.0• 0.713 17.71+6.64
−3.12
G36.6-0.7 285.15 2.93 0.21 Normal 8.66 ± 1.17 0.10 0 0 C 0.291 50.75+19.03
−8.96
G38.7-1.3a 286.67 4.47 0.27 KDE 4.11 ± 0.88 0.08 0 0 C 0.142 5.44+2.04
−0.96
G40.5-0.5a 286.79 6.52 0.18 KDE 5.12 ± 0.32 0.44 0 0 A 4.4 0.362 17.06+6.40
−3.01
G42.8+0.6 286.83 9.08 0.20 KDE 4.24 ± 0.93 0.13 0 0 C 5.4 0.251 9.67+3.63
−1.71
G43.9+1.6 286.46 10.50 0.50 KDE 1.52 ± 0.60 0.07 5.56 ± 0.53 0.05 C 2.5 0.093 2.88+1.08
−0.51
G45.7-0.4 289.10 11.15 0.18 Normal 6.04 ± 0.33 0.31 0 0 A 5.3 0.304 19.98+7.49
−3.53
G49.2-0.7a W51 290.96 14.10 0.25 Normal 5.74 ± 0.98 0.14 0 0 B 2.1 5.4• /5.7⋆ /6⋄ 0.290 31.96+11.98
−5.64
G54.4-0.3a HC40 293.33 18.93 0.33 Normal 6.64 ± 1.25 0.13 2.4 ± 0.63 0.1 A 2.5 6.6⋄ 0.375 98.18+36.82
−17.33
G55.0+0.3 293.00 19.83 0.17 Normal 10.18 ± 1.28 0.09 6.7 ± 1.0 0.08 C 9.4 14 0.262 30.29+11.36
−5.35
G59.8+1.2 294.73 24.32 0.17 Normal 5.43 ± 1.11 0.06 0 0 C 7.3× 0.139 4.87+1.83
−0.86
G65.1+0.6a 298.67 28.58 0.75 KDE 4.16 ± 0.61 0.11 0 0 A 2.6 9 0.145 41.98+15.74
−7.41
G66.0+0.0 299.46 29.05 0.26 Normal 3.93 ± 0.71 0.09 0 0 A 2.3⋆ 0.149 6.62+2.48
−1.17
G73.9+0.9a 303.56 36.20 0.23 Normal 4.00 ± 0.69 0.14 0 0 A 4.0 1.25⊳ 0.204 8.85+3.32
−1.56
G85.4+0.7a 312.67 45.37 0.20 Normal 3.80 ± 1.05 0.08 0 0 B 3.5 ± 1.0◦ /4.4⋆ 0.152 4.70+1.76
−0.83
G85.9-0.6 314.67 44.88 0.20 Normal 3.27 ± 0.97 0.05 0 0 C 4.8 ± 1.6◦ 0.082 1.88+0.70
−0.33
G93.7-0.2 CTB 104A, DA 551 322.33 50.83 0.67 KDE 4.29 ± 0.45 0.17 1.99 ± 0.33 0.14 A 1.4 1.5 0.120 11.25+4.22
−1.98
G359.0-0.9a 266.71 -30.27 0.19 Normal 3.49 ± 0.36 0.60 0 0 A 3.7 0.399 9.55+3.58
−1.69
G359.1-0.5a 266.38 -29.95 0.20 Normal 3.29 ± 0.47 1.03 0 0 B 4.0 8.5⊳ /4△ 1.073 24.87+9.33
−4.39
Notes.
(a) The known SNR and molecular cloud associations are denoted by "a".
(b) The method for obtaining the RC ridge in CMDs: a kernel density estimation (KDE) or a normal parameter estimation (Normal).
(c) The primary distance marked as "P".
(d) The secondary distance marked as "S".
(e) The radio-surface-brightness distances drad are from Pavlovic´ et al. (2013).
(f) The distances listed in this column dother are mainly kinematic distances from Green (2019). The symbols ⊳, ⋄, •, ⊘, ⋆, ×, ◦, and △ denote distances determined by different methods from
Vukotic´ et al. (2019), Lee et al. (2019), Ranasinghe & Leahy (2018), Misanovic et al. (2010), Shan et al. (2018), Kilpatrick et al. (2016), Jackson et al. (2008), and Suzuki et al. (2020), respectively.
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Table 2. The distance and extinction of 34 SNRs measured by VVV data.
Namea Other Name R.A. Dec. Radius RC Ridgeb (dext)Pc (∆AKS )P (dext)S
d (∆AKS )S Reliability drad
e dother
f (AKS )SNR Dust Mass
(deg) (deg) (deg) (kpc) (mag/kpc) (kpc) (mag/kpc) (kpc) (kpc) (mag) (M⊙)
G3.8+0.3 268.23 -25.47 0.15 Normal 4.14 ± 0.29 0.32 0 0 A 6.4 0.399 8.25+3.10
−1.46
G5.4-1.2a Milne 56 270.54 -24.90 0.29 Normal 3.89 ± 0.37 0.14 0 0 A >4.3 0.235 16.22+6.08
−2.86
G6.1+1.2 268.73 -23.08 0.25 Normal 3.67 ± 0.36 0.12 0 0 A 6.7 0.197 7.71+2.89
−1.36
G6.4-0.1a W28 270.13 -23.43 0.40 KDE 3.55 ± 0.34 0.56 0 0 A 1.9 0.772 83.30+31.24
−14.70
G6.5-0.4 270.55 -23.57 0.15 Normal 3.72 ± 0.21 0.70 0 0 A 4.1 0.578 9.60+3.60
−1.69
G8.7-0.1a W30 271.38 -21.43 0.38 KDE 4.15 ± 0.19 0.62 0 0 B 1.9 4.5∧ 0.573 74.37+27.89
−13.12
G8.9+0.4 270.99 -21.05 0.20 KDE 3.51 ± 0.41 0.21 0 0 A 4.3 0.338 8.91+3.34
−1.57
G296.1-0.5 177.79 -62.57 0.31 KDE 3.80 ± 0.50 0.09 0 0 C 3.0 ± 1.0∗ 0.195 9.68+3.63
−1.71
G301.4-1.0 189.48 -63.82 0.31 Normal 2.74 ± 0.55 0.12 0 0 A 5.2 0.254 6.04+2.27
−1.07
G308.8-0.1 205.63 -62.38 0.25 Normal 3.92 ± 0.60 0.28 0 0 A 6.9+8.1
−2.9
∗ 0.885 30.30+11.36
−5.35
G309.8+0.0 207.63 -62.08 0.21 Normal 3.12 ± 0.22 0.38 5.61 ± 0.42 0.3 A 4 0.497 8.52+3.20
−1.50
G312.4-0.4a 213.25 -61.73 0.32 Normal 4.41 ± 0.50 0.25 0 0 C 2.4 >6/>14/6.0+8.00.0
∗ 0.600 62.50+23.44
−11.03
G315.4-0.3 218.98 -60.60 0.20 Normal 3.31 ± 0.28 0.26 5.94 ± 0.36 0.25 C 0.351 4.48+1.68
−0.79
G315.9+0.0 219.60 -60.18 0.21 KDE 3.71 ± 0.18 0.61 0 0 A 8.2 0.517 9.25+3.47
−1.63
G316.3+0.0 MSH 14-57 220.38 -60.00 0.24 Normal 3.84 ± 0.30 0.55 0 0 C 4.1 >7.2/7.2 ± 0.6∗ 0.810 18.04+6.76
−3.18
G318.2+0.1 223.71 -59.07 0.33 KDE 3.27 ± 0.44 0.45 0 0 A 0.870 48.25+18.10
−8.52
G318.9+0.4 224.63 -58.48 0.25 Normal 3.50 ± 0.32 0.28 0 0 A 0.401 7.68+2.88
−1.36
G320.4-1.2 MSH 15-52, RCW 89 228.63 -59.13 0.29 Normal 3.00 ± 0.45 0.08 5.85 ± 0.22 0.05 C 5.2 0.185 7.58+2.84
−1.34
G320.6-1.6 229.46 -59.27 0.50 KDE 3.18 ± 0.62 0.06 0 0 C 0.150 10.13+3.80
−1.79
G321.9-0.3 230.17 -57.57 0.26 KDE 5.46 ± 0.39 0.22 0 0 A 3.8 6.5+3.5
−1.0
∗ 0.382 30.16+11.31
−5.32
G321.9-1.1 230.94 -58.22 0.23 Normal 3.29 ± 0.75 0.09 0 0 C 0.276 8.69+3.26
−1.53
G327.1-1.1 238.60 -55.15 0.15 Normal 4.52 ± 0.84 0.09 0 0 A 0.310 7.63+2.86
−1.35
G327.4+0.4 Kes 27 237.08 -53.82 0.18 Normal 2.81 ± 0.16 0.64 0 0 A 3.7 4.3–5.4 0.562 7.30+2.74
−1.29
G329.7+0.4 240.33 -52.30 0.33 Normal 2.80 ± 0.28 0.28 0 0 A 0.464 17.87+6.70
−3.15
G335.2+0.1 246.94 -48.78 0.18 Normal 3.91 ± 0.49 0.49 0 0 C 4.2 1.8∗ 1.035 25.95+9.73
−4.58
G341.2+0.9 251.90 -43.78 0.18 KDE 4.30 ± 0.43 0.28 0 0 A 0.544 13.17+4.94
−2.32
G343.1-0.7 255.10 -43.23 0.23 KDE 3.11 ± 0.22 0.86 0 0 A 4.5 0.835 17.02+6.38
−3.00
G347.3-0.5a RX J1713.7-3946 258.46 -39.75 0.54 KDE 4.56 ± 0.58 0.09 0 0 B 1.3† /6 ± 1∨ 0.216 59.66+22.37
−10.53
G351.7+0.8 260.25 -35.45 0.15 Normal 3.35 ± 0.11 0.64 0 0 A 5.4 13.2 ± 0.5∗ 0.323 3.38+1.27
−0.60
G353.6-0.7 263.00 -34.73 0.25 Normal 3.49 ± 0.22 0.35 0 0 A 4.9 3.2+ 0.388 15.83+5.93
−2.79
G355.4+0.7 262.83 -32.43 0.21 Normal 4.16 ± 0.32 0.36 0 0 A 4.8 0.526 21.16+7.93
−3.73
G357.7+0.3a 264.65 -30.73 0.20 KDE 3.79 ± 0.21 0.66 0 0 B 4.2 0.702 21.61+8.10
−3.81
G359.0-0.9a 266.71 -30.27 0.19 Normal 3.29 ± 0.20 0.96 0 0 A 3.7 0.837 17.82+6.68
−3.14
G359.1-0.5a 266.38 -29.95 0.20 Normal 3.18 ± 0.32 0.81 0 0 B 4 8.5⊳ /4△ 1.079 23.42+8.78
−4.13
Notes.
(a) The known SNR and molecular cloud associations are denoted by "a".
(b) The method for obtaining the RC ridge in CMDs: a kernel density estimation (KDE) or a normal parameter estimation (Normal).
(c) Primary distance marked as "P".
(d) Secondary distance marked as "S".
(e) The radio-surface-brightness distances drad are from Pavlovic´ et al. (2013).
(f) The known distances dother are mainly kinematic distances from Green (2019), where the symbol † describes the distance implied by the associated molecular clouds and X-ray observations,
the symbol + describes the distance suggested by various observations. The symbol ∗ denotes distances summarized in Stafford et al. (2019). The symbols ∧, ∨, ⊳, △ denote distances from
Hewitt & Yusef-Zadeh (2009), Slane et al. (1999), Vukotic´ et al. (2019), Suzuki et al. (2020), respectively.
A
rticle
num
ber,page
14
of
31
Wang et al. 2020: Distances to SNRs in the Inner Disk
Appendix A: Appendix
Figures A.1, A.2, A.9, and A.10 present the color-magnitude di-
agrams (CMDs) for all the SNRs. Figures A.3, A.4, A.11, and
A.12 are the distance comparison diagrams for all the SNRs.
Figures A.5, A.6, A.13, and A.14. show the distance-extinction
diagrams for all the SNRs and the surrounding regions. Figures
A.7, A.8, A.15, and A.16. display the distributions of differen-
tial extinction per distance with distance for all the SNRs and the
surrounding regions.
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Fig. A.1. CMDs for SNRs in UKIDSS. Black points denote the 2MASS data, grey points denote the UKIDSS data, red cubic curves roughly
outline the range of RCs, red points are the RC ridge, and red dashed line represents the cutoff magnitude.
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Fig. A.2. Same CMDs as Figure A.1 for SNRs in UKIDSS.
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Fig. A.3. Distance comparison diagrams for SNRs in UKIDSS. dthis work is calculated under the assumption that stars within the RC strip are RCs.
dGaia is collected from Gaia parallaxes. The y = 2x (blue) and y = x/2 (magenta) lines are used to remove dwarfs and giants, respectively. Black
points denote RCs, while blue points and magenta points denote dwarfs and giants, respectively.
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Fig. A.4. Same distance comparison diagrams as Figure A.3 for SNRs in UKIDSS.
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Fig. A.5. Distance–extinction diagrams for SNRs in UKIDSS. Red and grey dots denote the RC ridge of the SNR region and the surrounding
region, respectively. The lines are the spline interpolation function curves.
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Fig. A.6. Same distance–extinction diagrams as Figure A.5 for SNRs in UKIDSS.
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Fig. A.7. Distributions of differential extinction per distance ∆AKS/d with distance d for SNRs (red solid lines) and corresponding surrounding
areas (grey solid lines) in UKIDSS. Red dash lines and grey dotted lines mark the locations of significant gradients.
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Fig. A.8. Same differential extinction per distance–distance diagrams as Figure A.7 for SNRs in UKIDSS.
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Fig. A.9. Same CMDs as Figure A.1, but for SNRs in VVV.
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Fig. A.10. Same CMDs as Figure A.1, but for SNRs in VVV.
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Fig. A.11. Same distance comparison diagrams as Figure A.3, but for SNRs in VVV.
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Fig. A.12. Same distance comparison diagrams as Figure A.3, but for SNRs in VVV.
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Fig. A.13. Same distance–extinction diagrams as Figure A.5, but for SNRs in VVV.
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Fig. A.14. Same distance–extinction diagrams as Figure A.5, but for SNRs in VVV.
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Fig. A.15. Same differential extinction per distance–distance diagrams as Figure A.7, but for SNRs in VVV.
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Fig. A.16. Same differential extinction per distance–distance diagrams as Figure A.7, but for SNRs in VVV.
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